In Japan, many on-site tests have been carried out in accordance with IEC 62236-2, which defines measurement methods and emission limits for radio noise emitted from railway systems, in order to check EMC in areas adjacent to railway lines or to ascertain the characteristics of radio noise and evaluate the effects of countermeasures to reduce it. However, these on-site tests demand large amounts of time and money, so effective methods are required to calculate the strength of radio noise emitted from railway systems by numerical analysis. RTRI has been conducting basic research towards such a goal since 2005. One basic method to calculate the fluctuations in strength of the radiated emissions from a running vehicle was found in 2007. Work was pursued in this vein leading to a proposal for a detailed railway antenna model and a simulation tool.
2. Improvement of the previous model 2. Improvement of the previous model 2. Improvement of the previous model 2. Improvement of the previous model 2. Improvement of the previous model 2.1 Basic concept and problem of the simplified railway 2.1 Basic concept and problem of the simplified railway 2.1 Basic concept and problem of the simplified railway 2.1 Basic concept and problem of the simplified railway 2.1 Basic concept and problem of the simplified railway antenna model [1] antenna model [1] antenna model [1] antenna model [1] antenna model [1] Railway systems have various noise emission sources as shown in Fig. 1 . Generally speaking, radio interference along railway lines due to running trains is caused by two major noise emission sources. One is the arc discharge caused by contact breaks between the pantograph and trolley wires, and the other is the harmonic current present in feeding and return currents. Various numerical analysis methods for stationary sources excluding a running train have been studied. Temporal variations in the strength of radio noise radiating from a running train in areas along railway tracks are very complex, and their characteristics differ depending on the measuring frequency. This explains why a practical numerical analysis method applicable to radiated emissions from a running train has not yet been devised.
To commence work in this direction therefore, a basic model capable of analyzing the relative trends of fluctuations in the strength of radio noise was constructed as a first step. A basic model was set up as shown in Fig. 2 with four simplified sub-systems: a substation, a trolley wire, a rail, and a moving vehicle. As a result of this basic investigation it was found that fluctuations in the strength of radio noise radiated from a railway system can be simulated with minimal calculation by using a railway antenna model and the moment method. The proposed method was therefore expected to be a practical way of calculating radio noise emissions from electric railway systems.
Though calculation results using the simplified railway antenna model follow the fluctuation paths of measured values, significant differences existed between the calculated values and the measured values because a lot of railway components and their ambient conditions are omitted in the simulation. This was taken as a sign that the simple railway antenna model should be improved. Fig. 1 At first, an attempt was made to construct a detailed railway wire model which was closer to reality than the previous simplified model. In concrete terms, the following modifications were applied to the simplified model through a combination of numerous wires and surfaces:
-Track: one rail only -> two rails were introduced -Feeding system single wire only -> trolley wire and catenary wire were introduced -Vehicle Body: wire frame only -> body was constructed with surfaces -Wheel: single metallic line -> Wheels, axles, and bogie frames were introduced Figure 3 shows an example of the detailed railway antenna model. The simplified railway antenna model shown in Fig. 2 was constructed with only 20 wires whereas the detailed railway antenna model shown in Fig. 3 was constructed with about 150 wires and six surfaces.
Vehicle running was simulated by changing the location of the sub-stations and the observation points (i.e. receiving antenna placed adjacent to the track), the length of trolley wires and of rails. This approach made it possible to reduce the number of coordinates for each component in the model required for simulating the movement of vehicle. Decreasing the number of vehicle coordinates in the model was essential to limiting the time required for editing the numerous coordinate values. In the previous study, amplitudes of noise sources used in the simplified model ( Fig. 2 ) were assumed to be constant. However, the outcome of many measuring tests showed that strength of radio noise varied with frequency and depended on the position of the vehicle and running conditions [1, 2] . In order to factor this in, new noise sources with variable amplitude according to the position of the vehicle were introduced in the detailed railway model (Fig. 3 To analyze the field strength of radio noise emitted from a railway model using the Method of Moments requires modeling of the wire assembly making up the railway model as antenna elements. In other words, the railway wire model should be transposed into a railway antenna model. When analyzing the antenna of a complex structure using the Method of Moments, the amount of calculation and accuracy of the analysis depend on the method selected for modeling the antenna element. The detailed railway wire model as shown in Fig. 3 is constructed with so many wires that it is too difficult to specify the most appropriate method to model the wire assembly as antenna elements. A solution, described below, for defining the antenna element was finally arrived at after trial and examination: i) Wires should be divided so as to minimize the number of antenna elements; ii) Antenna elements should be defined as straight wires were possible; (i.e. wire folding points should be kept to a minimum) iii) Feeding elements should be inserted at the noise sources. For example, in the case of modeling a contact point between the trolley wire and the current collector as shown in Fig. 4(a) , if a model antenna is built with three elements as shown in Fig. 4(b) , it is not possible to obtain correct analytical results because element 1 and element 2 are not connected electrically in the antenna model and there is no element with a noise source. The antenna should therefore be modeled with 4 elements as shown in Fig. 4(c) . In the case of modeling a contact point between the wheel and the rail as shown in Fig.  4(d) , the model antenna should have five elements as shown in Fig. 4(e [3] [4] [5] of antennas using the Method of Moments [3] [4] [5] of antennas using the Method of Moments [3] [4] [5] of antennas using the Method of Moments [3] [4] [5] of antennas using the Method of Moments [3] [4] [5] The Method of Moments, which is a kind of Boundary Element Method (BEM), is usually applied in the analysis of the electromagnetic response of antennas. This method solves unknown surface current distribution on an antenna element by numerically analyzing the following boundary condition:
where r is the observation point on the antenna element, n(r) is the unit normal vector of the surface at r, (direction of this vector is in the tangent direction to the element), Es(r) is the electric field at r due to the unknown surface current I s (r), and E I (r) is the known incident electric field (i.e., an electric field energized by RF signal applied to an antenna) at r.
For example, consider the analysis of a dipole antenna as shown in Fig. 5(a) . At first, the dipole antenna is subdivided into N segments as shown in Fig. 5(b) . Next, to calculate current distribution on the surface of the i-th segment, approximation is made of an unknown current distribution function I s (x) by the basis function f i (x) and unknown current amplitude I i (Fig. 5(c) ). This approximation is expressed by the following equation (2):
Then, the relation between voltage amplitudes applied between each segment V j : j=1 to M (= voltage induced by incident electric field E I (r)) and unknown current amplitudes I i : i=1 to N are expressed as simultaneous equations by using the mutual impedance Z ji between each segment:
where Z ji can be calculated with equation (4).
In (4), f i (x) is the basis function (i = 1 to N), ω j (x) is the weighting function (j = 1 to M), and L{ } expressing an arbitrary linear operator that includes differential operations or integral operations. In the case of electromagnetic analysis, the operator L{ } is derived from Maxwell's equations. When M is equal to N, the equations (3) become N by N matrix equations, and are changed to: The choice of basis function f i (x) and weighting function ω j (x) has a huge effect on efficiency and accuracy of calculation [4, 5] . These functions are particularly important and become more difficult to determine if a railway antenna model is too long and has very complex elements. Table 1 shows the summary of merits and demerits of various basis functions and weighting functions. Table 1 also shows the choices made for this paper.
As shown in Table 1 , after trials using various functions and methods, Richmond's method was selected which uses the following sinusoidal function as the basis function and weighting function: In order to perform numerical analysis using a calculation program which relies on the Method of Moments, as a matter of course, numerical data tables (or files) should be prepared containing the coordinates and diameters of all antenna elements, and numerical model data need to be input into the calculation program. It is possible to make up numerical data files from a simple antenna model such as shown in Fig. 2 , but, doing the same for detailed models as shown in Fig. 3 would be too time and effort consuming. Moreover, to simulate train running, element coordinates and noise source amplitudes would all have to be changed for each train position. As such, generating detailed railway antenna model data files by hand is unrealistic.
To overcome this obstacle therefore, an original simulation tool was developed containing the following functions and features: -Ability to generate numerical railway antenna model data files for each train position by entering the railway system specifications and simulation conditions. -Capable of activating external electromagnetic analysis software, loading a model data file into the analysis software, and allowing it to execute analysis calculations (this operation is automatically repeated for all model data files for each train position). This simulation tool is implemented as a Microsoft Windows 7 (64bit) application. Supporting external elec-T T T T Table 1  able 1  able 1  able 1  able CALAR is a program developed by Dr. Prof. Sawaya (Tohoku University) for analyzing the response of antennas and is built on the Richmond method. Figure 6 shows a screen shot of the application window, and major enterable geometric and electric parameters are shown in Table  2 . Figure 7 shows an example of a generated railway antenna model. Up until now making railway antenna model data files by hand took 3 or 4 days. Now it takes only a few minutes using the developed software. Table 3 with the developed software. The measuring antenna (i.e. the observation point) is positioned at the center of the simulated line, and the lateral distance to the rail is 10 m. The relative vehicle position is plotted on the horizontal axis, and the relative field strength in dB is plotted on the vertical axis. The red dots represent the calculated values obtained using the detailed railway antenna model, the blue dots represent the previous results using the simplified model, and the green lines show the measured values under conditions similar to those used for the calculation. Figure 8 shows that calculation results improve with the detailed railway antenna model. The minimum calculation error when using the previous simple model of over +20dB, falls to about +5dB with the detailed model, and the maximum error is about +16dB at 100 MHz. Nonetheless minimum calculation errors for 100 kHz and 1 MHz remain at about 10 dB. The final goal is to reach a minimum error of plus-minus 6 dB for frequencies in the 100 kHz to 300 MHz range. It is therefore believed that a step towards this goal was achieved, but the model still needs to be improved. In addition, the effect of the ambient conditions should also be considered. T  T T  T Table able able  able able 2  2 2  2 2 List of major enterable parameters List of major enterable parameters List of major enterable parameters List of major enterable parameters List of major enterable parameters Fig. 7 An example of a railway antenna model generated by the developed software Fig. 7 An example of a railway antenna model generated by the developed software Fig. 7 An example of a railway antenna model generated by the developed software Fig. 7 An example of a railway antenna model generated by the developed software Fig. 7 An example of a railway antenna model generated by the developed software Results of trial simulations confirmed that analysis results of detailed railway antenna models could be obtained using the developed software, and that calculation error was reduced compared with the previous simplified railway antenna models. Work has already begun on performing more trial simulations and verifying simulation results against measured results. Improvement to the railway antenna model and the developed software is sought to enable them to be used as a way of calculating radio noise emissions from electric railway systems in the future. T T T T Table able able  able able 3  3 
